An argument for hydrological ensemble prediction
Imagine yourself as the manager of a reservoir in the western USA. Finally, after many years of drought and low water levels, the mountains above you have received ample snowfall last winter. It's late spring now, and the extended-range forecast suggests a strong surge of moisture. A single forecast based on a (possibly high-resolution) model prediction indicates heavy rain on the snow pack, causing very rapid melting, perhaps producing more flow than your reservoir can store. If you release water from the reservoir now in anticipation of extreme runoff and the precipitation is less than predicted, that water is lost to your customers; should the drought return, inadequate reservoir storage may eventually require water rationing. But if you don't release, there's a chance that the sudden surge of water could top the reservoir and cause potentially catastrophic flooding downstream. This is an example of one of many complex decisions faced by water managers.
Ideally, as manager, you would be supplied with a perfect weather forecast, you'd have precise measurements of the snow pack and soil moisture, and you'd utilize highly engineered hydrological models that would near perfectly predict the amount and timing of the streamflow. The one resulting hydrological prediction would provide enough information to make the correct decision. In reality, there are tremendous uncertainties.
The weather forecasts supplied to you are uncertain and lacking in critical detail; will the precipitation fall primarily in the form of rain on snow (bad, as it may cause flash flooding) versus snow on snow (good, as it would generate gradual delayed runoff)? At what elevation will the rain change to snow? And what about the existing snow pack?
There may be only a handful of actual snow depth measurements. Finally, the land-surface and hydrological routing models you have available are necessarily simplified descriptions of the hydrological processes; for example, they may treat each sub-basin as a homogeneous element covered by the same average snow cover and soil moisture.
Given the myriad of uncertainties, a natural tool for making the decisions would be a probabilistic forecast, possibly based on an ensemble hydrological prediction system, akin to the now ubiquitous ensemble weather prediction systems (Buizza et al. 2005 ).
Ideally, this system would produce multiple realizations of possible future streamflows that were "sharp" (much more specific than, say, drawing from a climatology of streamflows in past years) and yet reliable (e.g., over many situations, when there was a 20 percent forecast of a runoff exceeding y m 3 s -1
, the runoff actually exceeded y m 3 s -1 20 percent of the time). Were such a product available, the eventual cost of reduced storage from a dam release could be weighed against the likelihood of flooding impacts without the release.
An ensemble streamflow forecast product is conceptually appealing. Figure 1 provides a schematic of a system that explicitly accounts for the major sources of uncertainty in the forecasting process. Working from the bottom up, let's use Fig. 1 again as a tool for discussing some of the key scientific questions that HEPEX hopes to address.
a. User issues
Since HEPEX aims to have an impact on real-time operational activities, one of the first necessary steps is to identify science questions relevant to meeting user needs.
HEPEX has established a users' committee that will guide the research projects towards addressing questions such as "who are the primary customers and potential customers of hydrological forecasts?" and "how can we improve communication of scientific discoveries to the customers, and how can we tailor hydrological systems to meet their requirements?" While still more outreach is needed, this committee has some general answers already. Users of hydrological forecasts may include reservoir and city watersupply managers, emergency management professionals, and environmental scientists concerned about water quality or fisheries. Agriculture, insurance, navigation, and power-generation industries may want such products, as well as recreational scientists, and many others. For each, we will seek to determine how the data can most effectively be presented in order to aid in their decision-making process (part of the envisioned hydrological product generator in Fig. 1 ). On the other hand, many customers may not be familiar with how they can optimize their decisions based on probabilistic information, so the process will work both ways, and HEPEX will collaborate with users to adapt their existing practices.
b. Hydrological forecast verification
After hydrological forecasts have been created, they should also be verified (Fig.   1 , bottom right). Important scientific questions in hydrological system verification include, "how will we know when our systems have reached the intrinsic limits of hydrological predictability?" "How can we statistically evaluate the efficacy of our systems for extreme events, which are by nature rare?" "How do we quantify the value added by the human forecaster in this process?" "What verification information do users need?" and "how do we verify the many important aspects of the hydrological system, such as the spatial and temporal correlations of the input forecasts?"
Some obvious steps will foster improved hydrological verification. Routine measurements of precipitation, soil moisture, snow cover, streamflow, and other related hydrological variables should be processed and stored in common formats so that all components of the system can be verified. Additional data may include customerspecific measurements such as the amount of power that was generated. Depending on the application, data may be needed at high spatial and temporal resolution (e.g., for flash floods) or accumulated over large areas and long periods (large river management). Since many rivers cross national borders, the international sharing of hydrological observations will aid the development of hydrological prediction systems.
For many streams and rivers, the most interesting data may be a simple yearly peak runoff or the forecast during a rare extreme event. In these situations, to assess the statistical significance of changes to a hydrological forecast system, a long time series of streamflow hindcasts and observations are necessary. Ideally, this then requires that prior weather forecasts from a consistent model should be available ("reforecasts" -see Hamill et al. 2006 ).
c. Hydrological product generation
Despite the best efforts, an ensemble of streamflow simulations fed with an ensemble of realistic forcings and using state-of-the art hydrological models may still produce biased streamflow estimates. Hence, calibration of hydrological model output through a "hydrological product generator" (Fig. 1) is envisioned. Very little research been performed in this area. One initial effort that is being integrated into National
Weather Service hydrological forecasting is recent work by Seo et al. (2006) . Such a product generator would also reformat the data to be most convenient for users.
d. Hydrological models.
In the HEPEX concept, ensembles of hydrological models will be run, with parallel runs receiving different atmospheric forecasts and different but plausible initial soil, snow, and river conditions. The uncertainties in the hydrological models will themselves be accounted for explicitly. Of course we know that the atmospheric forecasts are uncertain, but it is less clear whether these predominate over the uncertainties in the hydrological initial conditions and uncertainties in the hydrological model itself. The relative contributions of the uncertainties may vary from one situation to the next. For a flash flood, the primary uncertainty may be the weather forecast itself, but for springtime runoff in the Colorado River, for example, the timing of peak flow may perhaps be controlled more by the estimates of mountain snow pack at the start of the forecast period.
e. Hydrological data assimilation.
The proposed ensemble hydrological forecast system requires an ensemble of plausible estimates of the current state of the land surface (e.g., soil moisture, ground water, and snow-water equivalent) and streamflow. This ensemble should have the property that its mean is a minimum-error estimate of the current state. The spread of the ensemble reflects the inherent analysis uncertainty given the scattered input data. Also, the covariances among state components should be properly modeled (e.g., nearby
hilltops will have more positively correlated snow-depth estimates than will the hilltops and valleys). This complex, highly heterogeneous state must be inferred from widely scattered observations, and often the variables of interest such as soil moisture are not directly measured but must be modeled from a time series of temperature, wind, and estimated precipitation (e.g., Mitchell et al. 2004) or from proxy information such as near-surface humidity or satellite data (Seuffert et al. 2004) . Data from atmospheric models may be coarse in time and space resolution, so that they may require a statistical downscaling.
Important questions include "how do we build this ensemble state-estimation technique for the land surface?", "how can we incorporate new sources of data such as satellite radiances into systems primarily designed to assimilate ground-based observations" and "what are the limits of hydrological data assimilation in catchments with fast response times"? Also, "can we provide realistic estimates of the sub-grid-scale heterogeneity of the state given the observational data?" While this field has yet to mature, there has been some initial work in the application of advanced probabilistic data assimilation techniques to land-state assimilation (Seo et al. 2003, Slater and .
f. Pre-processing atmospheric weather-climate forecasts.
HEPEX seeks to address several questions on how to optimally use meteorological ensemble predictions. "What are the requirements of weather-climate forecasts to support hydrological ensemble prediction, and do existing ensemble products meet them?" "What is the appropriate role of the human forecaster relative to machinegenerated products?" "What is the value added from post-processed versus raw ensemble forecasts?" and "how do intermittent phenomena such as El Niño modulate the weather and climate forecasts?"
We know that the forecasts should be sharp yet reliable, and they should provide realistic, small-scale detail if the hydrological problem (e.g., flash-flood forecast) requires this. Unfortunately, we also know that ensemble predictions are often contaminated by model biases, and the observed weather too-frequently lies outside the span of the ensemble (i.e., the ensemble spread should be larger). Also, the ensemble forecasts are conducted with reduced-resolution models, less capable to provide predictions with the required small-scale detail. Consequently, HEPEX envisions that pre-processing of ensemble weather and climate forecasts will be necessary to correct bias and spread errors and to downscale. Since the biases may be complex and flow dependent, ideally, large reforecast data sets would be available for calibration (Hamill et al. 2006 ). Multimodel reforecasts like those provided by the THORPEX Interactive Grand Global Experiment (TIGGE) may also be valuable (TIGGE, 2005) . To produce ensemble precipitation and temperature forcing for its Advanced Hydrologic Prediction Service (AHPS), the U.S. National Weather Service has developed an initial atmospheric forecast pre-processor .
Test beds, a pathway to achieving HEPEX goals.
Much of the effort in science is in the collection of data and the coding of models.
A rational way to speed the development of hydrological forecast systems at low cost is through sharing these data and models. Shared results from the communal data can also be helpful as a norm for indicating whether a proposed method is an improvement upon existing procedures. We envision that test beds constitute a natural framework to address many of the questions proposed in section 2, questions such as the value of raw vs. processed ensemble forecasts; the value of lumped vs. distributed hydrological models; the relative contributions of weather forecast, initial condition, and hydrological model uncertainties.
A detailed description of each test bed and the scientific questions to be answered are provided in the 2 nd HEPEX workshop summary, available at http://hydis8.eng.uci.edu/hepex/.
HEPEX organization and affiliations
HEPEX has been organized in a matrix-like form ( Fig. 3) 
Next Steps
Work is now progressing on the first eight test beds, and discussions are underway to begin several others. Supporting data sets and CHPS components are being developed by some of the test bed projects. Our hope is that the algorithms developed from the working with the test beds will eventually form the core of a flexible, shared set of algorithms, i.e., a "Community Hydrological Prediction System." Information about the test beds and algorithm development will be included in annual test bed project reports that are being prepared and will appear on the HEPEX web site.
The next HEPEX workshop is scheduled for June 2007 in Stresa, Italy, where the community will share and debate the latest innovations in ensemble hydrological prediction, and review research progress in the test-beds. HEPEX organizational structure. Underneath user and scientific steering committees, various informal sub-committees will form on specific issues such as downscaling or the modeling of hydrological uncertainty (blue blocks). These subcommittees would interact with the leaders of each test bed (red blocks) as needed.
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